The Al-Sm system is selected as a model system to study the transition process from liquid and amorphous to crystalline states. In recent work, we have shown that, in addition to long-range translational periodicity, crystal structures display well-defined short-range local atomic packing motifs that transcends liquid, amorphous and crystalline states. In this paper, we investigate the longer range spatial packing of these shortrange motifs by studying the interconnections of Sm-Sm networks in different amorphous and crystalline samples obtained from molecular dynamics simulations. In our analysis, we concentrate on Sm-Sm distances in the range ~5.0-7.2 Å, corresponding to Sm atoms in the second and third shells of Sm-centred clusters. We discover a number of empirical rules characterising the evolution of Sm networks from the liquid and amorphous states to associated metastable crystalline phases experimentally observed in the initial stages of devitrification of different amorphous samples. As direct simulation of glass formation is difficult because of the vast difference between experimental quench rates and what is achievable on the computer, we hope these rules will be helpful in building a better picture of structural evolution during glass formation as well as a more detailed description of phase selection and growth during devitrification.
Introduction
Amorphous metal structures have higher tensile yield strengths, higher elastic strain limits and special magnetic properties compared to traditional polycrystalline metal [1] [2] [3] . These amorphous metals can be synthesized by driving the alloy system far from equilibrium using rapid solidification. When heated, the glasses often devitrify into novel and complex metastable crystalline phases not observed in traditional synthesis. These crystal structures have welldefined structural orders in terms of both local atomic packing and long-range translational periodicity. It is generally believed that there is some correlation between the structural order in amorphous glasses and these devitrified crystalline structures. However, the "hidden" features that steer the initial transition from the amorphous to the crystalline state are still not clear.
In this work, in an attempt to clarify these "hidden" features we select one of the Al-rich alloys (Al-Sm system) as an example to study the transition process from liquid and amorphous to crystalline states. The Al-Sm alloy is a model system for which the structural characteristics of the amorphous state allow the realization of several intermediate metastable phases through pathdependent devitrification [4] [5] [6] [7] [8] . As reported in our recent work [8, 9] , a specific Sm-centered first-shell atomic packing motif is found to transcend undercooled liquids, glasses and crystalline phases that precipitate directly from glasses. The ε-Al60Sm11 and θ-Al5Sm phases share the same 3-6-6-1 motif as the dominant motif observed in the amorphous phase [7, 8] . Another motif, designated 1-6-6-6-1, is shared by the ε-Al60Sm11 and the -Al41Sm5 phases [10] . While our studies have shown that the short-range order (SRO) plays an important role in phase selection during devitrification processes, the question remains, as to why different crystalline phases with the same SRO are selected through different devitrification processing methods. To answer this question, we extend our investigation to study the longer-range spatial arrangement of the system, i.e. the medium-range order (MRO).
Recognizing structural orders in amorphous glasses where long-range translational symmetry is absent has long been a challenging problem. While clear elements of SRO in terms of atomic packing motifs have been identified and analyzed [9, 11, 12] , limited work focusing on MRO in amorphous metals has been reported [13] [14] [15] . Amorphous metals do not present explicit networks as in network glasses, so that the definition and quantitative description of MRO is an even harder problem than for SRO. Different packing schemes such as cluster packing on a facecentered cubic lattice [13] and on an icosahedral packing [14] have been proposed. While these studies have advanced our comprehension of the MRO in selected systems, we want a faster and more general approach that can bridge the evolution between the amorphous glasses and their devitrified crystalline phases. Such an approach is especially attractive since our previous observation of common SRO supports a structural-hierarchy picture of complex phase selections from amorphous alloys where nascent short-range cluster motifs in the undercooled liquid or amorphous state rearrange their long-range packing to yield the devitrified crystal phases.
Taking into account the large size disparity and affinity between Al and Sm atoms, the dominant MRO in the Al-10%Sm system is most easily visualized by focusing on the solute Sm network.
Al atoms in the system also have an influence on the Sm MRO. The Al MRO is intricately linked to the Sm MRO, but much more complicated to analyze. Using molecular dynamics (MD) simulations, we obtained atomic configurations of Al-Sm systems in different states: for disordered states we have Al-10%Sm undercooled liquids, and also glasses obtained by sub-Tg MD annealing under different periods of simulations; for crystalline states we consider 3 devitrified phases, namely -Al60Sm11, -Al5Sm and -Al41Sm5 [7, 8, 10] , that are grown in computer simulations where ideal stoichiometric templates are simulated in contact with undercooled Al-10%Sm liquids. The Al11Sm3 equilibrium phase is not included here, because no similarity is found between Al11Sm3 and liquid in terms of short-range order [9] . Experimentally, these crystalline phases form from constant-heating-rate (CHR) devitrification of Al-Sm glass produced by either melt-spinning or magneton sputtering. The -phase [8] is the first crystallized phase that forms upon CHR heating of melt spun Al-10.2%Sm ribbons with a near polymorphic transition. The composition of the stoichiometric -Al60Sm11 phase is different from that of Al-10%Sm alloy. The -phase is tolerant of Al/Sm anti-site defects. As a result, the crystallized structure has the same composition of the initial alloy. The as-grown crystal structure from MD simulation also has Al/Sm anti-site defects and has the same composition as the initial alloy, which is consistent with experiments. The -phase [7] is the first devitrified phase along from the magneton-sputtered Al-10%Sm thin film after it separates into Al-rich and Sm-rich regions. Face-centered cubic (fcc) Al appears together with the -phase as the composition of the -phase is different from that of the amorphous alloy. The -phase is also the first crystallized phase with fcc-Al from Al-14.1%Sm ribbons. The -phase [10] appears as a small fraction along with the -phase and fcc-Al from melt-spun Al-9.7%Sm ribbons. It grows to a larger fraction (~35 wt.%) with an isothermal hold just before the crystallization of the -phase. As crystalline structures formed from highly driven structural transitions often contain a substantial number of crystal-chemical defects, we perform large-scale MD simulations to "grow" crystalline structures from undercooled liquids and seeds of stoichiometric crystals. Comparison between experimental XRD patterns and those computed from the simulated crystals show excellent agreement, with no additional fitting of atom positions or site-occupancies [7, 8] . This agreement indicates that the simulated crystal growth is realistic and can be used for analysis of MRO.
The interfacial energy is a very important factor for nucleation. However, investigation of interfacial energy is beyond the scope of this work, and the current MD simulations do not yield any information on it. Other interface properties, such as the interfacial mobility and growth kinetics, are investigated elsewhere [16] .
Computational details
We investigate the MRO of the following MD simulated samples: (1) amorphous Al-10%Sm undercooled liquids annealed for 2.5 ns at 800 K; (2) amorphous Al-10%Sm glasses annealed for 0. 8 and 50 at 650 K; (3) -Al60Sm11, stoichiometric crystals and grown structures from Al-10%Sm undercooled liquids; (4) -Al5Sm, stoichiometric crystals and grown structures; (5) -Al41Sm5, stoichiometric crystals and grown structures.
Al-10 at.% Sm undercooled liquid and glass models are generated by large-scale MD simulations.
All the MD simulation in this work were performed using the LAMMPS code [17] . A classical Embedded-Atom Method (EAM) potential in Finnis-Sinclair (FS) form [18] is used to expedite the MD simulations. As previously shown [6, 19] , this FS potential fitted to first principles calculation data gives, in general, a satisfactory estimation of the relative thermodynamic stability of the known stable and meta-stable phases. We have used the same potential to successfully localize the -, -and -phases [7, 8] . The initial liquid, containing 4500 Al and 500 Sm atoms, are held at 2000 K for 2.5 ns to reach equilibrium. Then the liquid is continuously cooled down with a constant rate 10 10 K/s to 800 , which is below the melting temperature. After holding the sample at 800 K for 2.5 ns , we obtained the equilibrated undercooled liquid model. Then, the undercooled liquid is further cooled to 650 K, which is below the glass transition temperature = 693 K [19] . After that, the sample is annealed isothermally at 650 for 0.8 μs and 50 μs, respectively. Finally, these two glass samples annealed at sub-Tg for different time, are cooled to 300 K. Previous studies have demonstrated that annealing glass below, but close to, the glass transition temperature can help structural relaxations in the simulation [20, 21] . The liquid sample, as well as two glass models with different relaxation time are used for MRO comparison.
Large scale (~ 3000 atoms) MD simulations were performed to study the liquid-to-crystalline transformations. The same classical FS potential [19] was used to expedite the MD simulations.
The initial model contained the liquid Al-10%Sm alloy and a seed of -Al60Sm11, -Al5Sm, or -Al41Sm5 crystal [7, 8] . Since MD simulations of crystal growth can be very computationally expensive, they were performed at an elevated temperature of 800 K to further expedite the transformation (devitrifications of the -, -and -phases are experimentally observed at 470 K, 425 K, and 470 K, respectively). At 800 K, the crystal grows to fill the simulation domain within 280 ns for the -phase, 760 ns for the -phase, and 150 ns for the -phase, respectively. Figure   1 shows the MD-simulated liquid-to-crystalline transformations for the -Al60Sm11 phase, as an example of growing crystalline structures from undercooled liquids. 
Results and discussion
3.1 Sm-Sm partial pair correlation function samples are essentially the same, indicating that medium-range structural orders in the glass do not experience significant changes even when the annealing time is extended to 50 μs even though there were significant changes in SRO. Thus, we use only the results of the 50 μs sample hereafter in this work. We note that, in general, time scale is a big challenge in MD simulations, and that a large difference of cooling rate exists between the simulated glasses (~10 10 K/s) and real synthesized glasses (~10 3 − 10 6 K/s). Even with sub-Tg annealing to achieve an effective cooling rate of 6 × 10 8 K/s [22] , it is still several orders faster than experiments. 50 μs is probably not long enough to obtain a realistic low-energy glass structure. Comparing the Sm-Sm
PPCFs of the undercooled liquid and the glass samples, as shown in Fig. 1 , the 1 st peak in the short-bond region ( < 4.5 Å) is broader for the liquid sample than for the glass samples.
Differences between glasses and the liquid are observed mainly in the medium-bond region (5.0 Å < < 7.2 Å), where the 2 nd peak in the liquid sample is split into 2 sub peaks in the glass samples. The split of the 2 nd peak is often observed in glass systems [15, 23] , indicating a refinement in the medium range Sm-Sm network from undercooled liquids to glasses. All of the three grown crystal samples have two major peaks in the same medium-bond region, although the peak positions vary depending on the different crystal structure. The PPCFs of the three grown crystals are more like that of the glass than the undercooled liquid in the medium-bond region.
In the following we focus on the reorganization of the Sm networks in this interesting medium partitioning. From Fig. 3 , the CN of the ε-phase mostly resembles that of glass among the three crystal phases, which agrees with experimental observations. The fact that the -phase has an overall higher CN than glasses and the ε-phase indicates that its MRO in the Sm-Sm network differs more than the ε-phase from glasses. It agrees with the experimental observations that a large fraction of the -phase appears only with an isothermal hold just before the crystallization of the -phase to slow down the formation of the -phase. The -phase precipitates from Sm-rich regions in magneton-sputtered Al-10%Sm thin films. The -phase is also the first crystallized phase from Al-14.1%Sm ribbons. It has the highest CN among all three grown crystals, which agrees with the fact that it forms from regions in which the Sm composition is higher than 10%.
These observations suggest that the Sm-Sm network in the medium-range region may be a key step in the nucleation and growth of various metastable phases during devitrification. Further development of simplified network evolution models may be a fruitful approach to investigate the kinetic competition of various phase-selection devitrification pathways. Fig. 4(a) -(e) displays plots of the Sm-Sm polyhedra with peak CN as shown in Fig. 3 in undercooled liquids, glasses and the grown structures of the three devitrified phases. As shown in Fig. 4(f) , the stoichiometric -Al60Sm11 has two Wyckoff positions, 16f and 6b for Sm atoms with CN of 9 and 20, respectively. Both the experimental XRD and MD simulations show that the 16f site is evenly shared between Sm and Al [8] , which reduces the CNs to 7.5 and 12. In Fig.   3 , the estimated CNs of 7.5 and 12 correspond to a major peak at ~ 7 − 8 and a shoulder at ~11, respectively. As shown in Fig. 4(g) , the stoichiometric -Al41Sm5 has two Wyckoff positions of 2b and 8h for Sm atoms with CN of 12 and 13, respectively. In Fig. 3 , the CN is reduced to 8 and 11, indicating partial occupancy of Sm sites. As shown in Fig. 4(h) , the stoichiometric θ-Al5Sm has 1 Wyckoff position for Sm atoms with a CN of 15. The experimental XRD and MD simulations show that the Sm site is shared by Sm and Al with the Sm occupancy being ~ 75 − 84% [7] , which will reduce the CN to ~ 11 −13. It corresponds to the major peak at ~ 12 − 13
for the -phase in Fig. 3 . to study the angle distribution of Sm-Sm polyhedra in different states. The RAS concept was first introduced for the Fe-P networks in LiFePO4 crystals in our previous work [24] . Basically, it reduces the number of bond angles in a polyhedra to only two average angles, which represent large and small angles. In a Sm network, each Sm forms a polyhedron with its neighboring Sm atoms. For example, a Sm atom with CN of forms a polyhedron centered at itself with its neighbor Sm atoms. There are neighbor-center Sm bonds emanating from this Sm atom and ( − 1)/2 bond angles. All the bond angles are then compared to the average bond angle and divided into two groups. The group with angles above the average has a group average angle which is the larger value of the RAS, and the group with angles below the average has a group average angle which is the smaller value of the RAS. Using the two RAS value as x and y axes, the RAS distribution is plotted in figure 5 . 
Conclusions
The MRO has been investigated in Sm networks of the Al-10%Sm system, including undercooled liquids, glasses, and three devitrified crystal phases. The Sm-Sm pair correlation function, the Sm coordination number distribution, and the angular distribution of Sm-Sm polyhedra are studied. The characteristics of MRO in glasses lie between the undercooled liquid and the devitrified crystal phases. The MRO in the ε-Al60Sm11 phase is the most similar to the Al-10%Sm glass, which is consistent with the experimental observation that the ε-phase is the first crystallized phase from Al-10%Sm ribbon in a nearly polymorphic transformation with no chemical partitioning. We summarize several empirical rules that may be helpful in understanding the liquid-glass-crystal transformation in this system. The single peak of PPCF in undercooled liquids in the medium range splits into two peaks in glasses as well as in the devitrified crystal phases with moderate shifts. The CN of Sm-Sm polyhedra increase while the degree of shape varieties of Sm-Sm polyhedra decreases from undercooled liquids, glass to the devitrified crystals based on the CN and RAS analysis. Meanwhile, the RAS distributions of all three devitrified structures are within the scope of liquids/glasses, indicating the structural inheritance of crystallized phases from amorphous alloys.
